Apoptosis has been implicated in mediating denervationinduced muscle wasting. In this study we determined the effect of interference of apoptosis on muscle wasting during denervation by using mice genetically deficient in pro-apoptotic Bax. After denervation, muscle wasting was evident in both wild-type and Bax −/− muscles but reduction of muscle weight was attenuated in Bax −/− mice. Apoptotic DNA fragmentation increased in wild-type denervated muscles whereas there was no statistical increase in DNA fragmentation in denervated muscles from Bax −/− mice. Mitochondrial AIF and Smac/DIABLO releases and Bcl-2, p53 and HSP27 increased whereas XIAP and MnSOD decreased to a similar extent in muscles from wild-type and Bax −/− mice following denervation. Mitochondrial cytochrome c release was elevated in denervated muscles from wild-type mice but the increase was suppressed in muscles from Bax −/− mice. Increases in caspase-3 and -9 activities and oxidative stress markers H 2 O 2 , MDA/4-HAE and nitrotyrosine were all evident in denervated muscles from wild-type mice but these changes were absent in muscles from Bax −/− mice. Moreover, ARC increased exclusively in denervated Bax −/− muscle. Our data indicate that under conditions of denervation, pro-apoptotic signalling is suppressed and muscle wasting is attenuated when the Bax gene is lacking. These findings suggest that interventions targeting apoptosis may be valuable in ameliorating denervation-associated pathologic muscle wasting in certain neuromuscular disorders that involve partial or full denervation.
Introduction
Innervation is an essential constituent in the development and survival of mature skeletal muscle. Furthermore, innervation is important for conduction of normal physiologic functions, and in determining and maintaining muscle fibre volume as well as phenotype. 1, 2 Removal of the nerve source (i.e., denervation) is generally involved in the aetiology and the progression of various neuromuscular diseases. These in- clude spinal muscular atrophy, peripheral neuropathies, and amyotrophic lateral sclerosis. 3 Intriguingly, there is a growing body of evidence indicating that apoptosis may have a regulatory role in the denervation-associated pathologic muscle wasting. [4] [5] [6] [7] [8] Nevertheless, the importance of apoptosis in mediating muscle wasting in response to denervation remains to be fully elucidated.
A cluster of upstream regulators of apoptosis, namely the BCL-2 family, has been proposed as a crucial intracellular checkpoint in the apoptotic signalling pathway. 9 In general, mammalian cells possess an entire family of BCL-2 proteins. As defined by the homology shared within four conserved sequence motifs (BH1-4). The BCL-2 family is divided into three subclasses: (a) anti-apoptotic (e.g., Bcl-2, Bcl-X L , Bcl-W, A1, and Mcl-1), (b) multidomain pro-apoptotic (Bax, Bak, and Bok), and (c) BH3-only pro-apoptotic (Bad, Bid, Bim, Bik, Dp5/Hrk, Noxa, and Puma). [9] [10] [11] The BH3 domain is thought to be fundamentally important for the pro-apoptotic interactions since all pro-apoptotic members contain a BH3 domain, although some anti-apoptotic members also contain the BH3 domain. 10 The BH3 sequence motif has a hydrophobic α-helix which is favourable for protein interaction, it has been hypothesized that this is the region for the association among the BCL-2 family proteins via homo-or hetero-oligomerization. 10, 11 Additionally, there is evidence suggesting that the relative concentrations of pro-and anti-apoptotic BCL-2 members provide tight control over the balance of cell survival and apoptotic cell death. 9, 10, 12 Among the entire BCL-2 family, Bax and Bcl-2 have been designated to be the main protagonists in the regulation of apoptotic signalling as they assume ion channel forming activities. Bax translocates to the mitochondria and exposes its N-terminus via a conformational change upon induction of apoptosis. [13] [14] [15] [16] [17] This conformational change has been suggested to allow the Bax-Bax-oligomerization and insertion of Bax into the outer mitochondrial membrane, 18 which is followed rapidly by the release of the apoptogenic factors (e.g., cytochrome c and AIF) from the mitochondrial intermembrane space. Collectively, Bax oligomerization is critical for mitochondrial membrane permeabilisation whereas Bcl-2 opposes the pro-apoptotic activity of Bax by preventing the process of Bax-Bax-oligomerization. 19 Although the precise mechanism of Bax-mediated apoptogenic factor release from the mitochondrial intermembrane space is not fully known, it is indisputable that Bax plays an important role in promoting the activation of apoptotic signalling cascades.
Previously, the activation of mitochondria-associated apoptosis has been shown in skeletal muscle during denervation, which induces a considerable loss of muscle mass. 20 Since pro-apoptotic Bax is markedly upregulated by denervation, it could be a candidate in the activation of apoptosis in response to muscle denervation. [20] [21] [22] Furthermore, oxidative stress may play a role in regulating muscle wasting 23 and disuse-associated muscle loss. [24] [25] [26] [27] [28] [29] [30] The production of reactive oxidants in inactive skeletal muscle (e.g. nitric oxide/peroxynitrite, and/or mitochondrial reactive oxygen species) as well as the potential signalling pathways that could link oxidative stress to the proteolytic processes mediating muscle loss (e.g., signalling of caspase-3, calpainmediated and proteasome-mediated proteolyses) 23, 31 could also contribute to denervation-induced muscle wasting.
In this study we tested the hypotheses that deficiency of the pro-apoptotic Bax gene would suppress the pro-apoptotic signalling in the atrophying skeletal muscle during denervation and attenuate the extent of denervation-induced muscle loss. Our data indicate that under conditions of denervation, pro-apoptotic signalling is suppressed and muscle wasting is attenuated when the Bax gene is lacking. The results of this study indicate the future importance of evaluating intervention strategies that target the regulation of apoptosis as a countermeasure for offsetting the denervation-associated muscle wasting pathologies.
Methods

Animals
Experiments were conducted on ∼ 3-mo old adult C57BL/6 wild-type mice (N = 8) and homozygous B6.129X1-Bax tm1Sjk /J the Bax gene-deficient mice (N = 6) that were obtained from the Jackson Laboratory JAX R Mice Colony (Bar Harbor, Maine). The deficiency of Bax in the knockout mice was confirmed by immunoblotting on two affinitypurified rabbit polyclonal antibodies raised against peptide mapping at the N-terminus or amino acids 1-171 of Bax (sc-4936 and sc-236, Santa Cruz Biotechnology, Santa Cruz, CA). The mice were housed in pathogen-free conditions at ∼ 20
• C after arrival. They were exposed to a reverse light condition of 12:12 h of light: darkness each day and were fed chow and water ad libitum for a familiarization period of at least 5 days before the denervation surgery.
Muscle denervation procedures
The mice were placed under a general anaesthesia using 2% isoflurane. After reflex activity had disappeared, an incision was made from the calcaneous to just proximal to the popliteal fossa. The tibial nerve was dissected proximal to the cranial border of the gastrocnemius muscle. Care was taken to avoid any damage to the nerves, blood vessels, and connective tissues. The medial and lateral branches of the tibial nerve that innervate the plantar flexor muscles (i.e., gastrocnemius and soleus) were transected close to their neuromuscular junction 32 and ∼ 2 mm of the transected nerve was removed. Innervation to the plantaris and the deep toe flexor muscles were left intact so that the animals ambulated normally around the cage after the surgical denervation. Following the surgery, the hamstring muscle layers were closed with reabsorbable suture and the skin incision were closed with wound clips. The incision sites were covered with an antibacterial cream to prevent infection. The denervation procedure was performed in one limb and a sham procedure was performed in the contralateral limb of the mice. The sham surgery was identical to the experimental surgery except that the tibial nerve was not transected. The limb used for the sham surgery served as the intra-animal control limb. The mice recovered quickly and were able to walk around their cage within minutes postsurgery. 21, 33 Fourteen days after the surgical denervation and sham surgeries the mice were euthanised with an overdose of pentobarbital sodium (5 mg/g body weight, i.p.), while the gastrocnemius muscles from each limb were dissected from the surrounding connective tissues, removed, and stored at − 80
• C. The institutional animal use and care committee from West Virginia University School of Medicine approved all experiments. The animal care standards were followed by adhering to the recommendations for the care of laboratory animals as advocated by the American Association for Accreditation of Laboratory Animal Care and fully conformed to the Animal Welfare Act of the U.S. Department of Health and Human Services.
Subcellular protein fractionation
Cytosolic and nuclear protein fractions were obtained from gastrocnemius muscle samples as described by Rothermel et al. 34 with minor modification. Briefly, after removal of connective tissues, muscles were homogenized on ice in ice-cold lysis buffer (10 mM NaCl, 1.5 mM MgCl 2 , 20 mM HEPES, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol or DTT, pH 7.4). Following centrifuging at 3,000 rpm to pellet the nuclei and cell debris, the supernatants were collected. The supernatants were then centrifuged three times at 6,000 rpm to remove residual nuclei and stored as nucleifree total cytosolic protein fraction. A portion of the cytosolic extract (without addition of protease inhibitors) was stored and used for fluorometric caspase protease activity assay while a protease inhibitor cocktail containing 104 mM AEBSF, 0.08 mM aprotinin, 2 mM leupeptin, 4 mM bestatin, 1.5 mM pepstatin A, and 1.4 mM E-64 (SigmaAldrich, St Louis, MO) was added to the remaining portion. The cytosolic protein fraction containing protease inhibitors was used in cell death ELISAs, Western immunoblots, H 2 O 2 assays, MDA/4-HAE assays, and nitrotyrosine dot blots. The remaining nuclear pellets were washed 3 times with ice-cold lysis buffer, resuspended in 300 µl of lysis buffer in the presence of 41.5 µl of 5 M NaCl and protease inhibitor cocktail, and rotated for 1 h at 4
• C to lyse the nuclei. After centrifugation at 15,000 rpm, the supernatants were collected and stored as a cytosolic-free nuclear protein fraction. We have previously obtained the fractionated cytosolic and nuclear proteins from skeletal and heart muscles using this modified protocol. 20, [35] [36] [37] [38] The release of mitochondria-residing apoptotic factors including cytochrome c, AIF, and Smac/DIABLO into the cytosol, was estimated from a nuclei-free, mitochondria-free cytosolic protein fraction that was prepared as described by Rokhlin et al. 39 The protein contents of these mitochondrial apoptotic factors were measured in the mitochondria-free cytosolic fraction as described below. In brief, muscles were dissected from the connective tissues and minced in ice-cold extraction buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 0.1 mM phenylmethylsulfonyl fluoride, pH 7.4) in the presence of the protease inhibitor cocktail. Following a gentle homogenisation with a Teflon pestle motorized with an electronic stirrer, homogenates were centrifuged at 800 × g for 10 min at 4
• C to pellet the nuclei and cell debris. The supernatants were centrifuged at 16,000 × g for 20 min to pellet the mitochondria and the final supernatants were collected as nuclei-free, mitochondria-free cytosolic protein fractions. The subcellular protein fractionation procedures are routinely used in our laboratory to obtain high purity protein fractions as assessed by immunoblotting the fractions with an anti-histone H2B (a nuclear protein) (07371, Upstate, Lake Placid, NY), an antiCuZnSOD (a cytosolic isoform of superoxide dismutase) (sc-11407, Santa Cruz Biotechnology, Santa Cruz, CA), and an anti-MnSOD (a mitochondrial isoform of superoxide dismutase) antibody (A300449A, Bethyl Lab, Montgomery, TX). 20, 36, 37 The protein contents of the muscle extracts were quantified in duplicate by BCA Protein Assay (Pierce, Rockford, IL) based on the biuret reaction and the bicinchoninic acid detection of cuprous cation. 40 As a further means to confirm the protein contents, all the protein samples were measured in duplicate on a different occasion by DC Protein Assay (BioRad, Hercules, CA) based on the reaction of protein with an alkaline copper tartrate solution and Folin reagent, which was similar to the Lowry assay. 41 Apoptotic cell death ELISA A cell death detection ELISA kit (Roche Applied Science, Indianapolis, IN) was used to quantitatively determine the apoptotic DNA fragmentation by measuring the cytosolic histone-associated mono-and oligo-nucleosomes. Briefly, the nuclei-free cytosolic fraction of gastrocnemius muscle was used as an antigen source in a sandwich ELISA with a primary anti-histone mouse monoclonal antibody coated to the microtitre plate and a second anti-DNA mouse monoclonal antibody coupled to peroxidase. The amount of peroxidase retained in the immunocomplex was determined photometrically by incubating with 2,2 -azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS) as a substrate for 10 min at 20
• C. The change in colour was measured at a wavelength of 405 nm by using a Dynex MRX plate reader controlled through PC software (Revelation, Dynatech Laboratories, CA). Measurements were performed in duplicate, with denervated and contralateral control samples analysed on the same microtitre plate in the same setting. The OD 405 reading was then normalized to the mg of protein used in the assay.
Fluorometric caspase activity assay
A fluorometric assay was used to examine the protease activities of caspase-3 and -9 in the denervated gastrocnemius muscle. In brief, 50 µl of the total cytosolic protein fraction without protease inhibitor was incubated in 50 µl of assay buffer (50 mM PIPES, 0.1 mM EDTA, 10% glycerol, 10 mM DTT, pH 7.2) with 100 µM of the fluorogenic 7-amino-4-trifluoromethyl coumarin (AFC)-conjugated substrate (Ac-DEVD-AFC for caspase-3, Ac-LEHD-AFC for caspase-9, Alexis Corp., San Diego, CA) at 37
• C for 2 h. Caspase specific inhibitor, Z-VAD-FMK (Calbiochem, La Jolla, CA) was used as a control to validate the specificity of caspase. The change in fluorescence was measured on a spectrofluorometer with an excitation wavelength of 390/20 nm and an emission wavelength of 530/25 nm (CytoFluor, Applied Biosystems, Foster City, CA) before and after the 2 h incubation. Caspase activity was estimated as the change in arbitrary fluorescence units normalized to milligram protein. Measurements were performed in duplicate while denervated and intra-animal control samples were run on the same microplate in the same setting.
Western immunoblot analyses
The protein expressions of Bcl-2 associated X protein (Bax), B-cell lymphoma/leukemia-2 (Bcl-2), X-linked inhibitor of apoptosis (XIAP), apoptosis repressor with caspase recruitment domain (ARC), heat shock protein-70 (HSP70), HSP27, HSP60, and superoxide dismutases (CuZn-SOD and Mn-SOD) was determined in the total cytosolic protein fraction while apoptosis inducing factor (AIF) was measured in the nuclear fraction. Both the total cytosolic and nuclear fractions were used to measure the protein content of p53.
Forty micrograms of protein was boiled for 5 min at 95
• C in Laemmli buffer and then loaded on each lane of a 12% polyacrylamide gel and separated by SDS-PAGE at room temperature. The gels were blotted to nitrocellulose membranes (VWR, West Chester, PA) and stained with Ponceau S red (Sigma Chemical Co, St Louis, MO) to verify equal loading and transferring of proteins to the membrane in each lane. As another approach to validate similar loading between the lanes, gels were loaded in duplicate with one gel stained with Coomassie blue. The membranes were then blocked in 5% non-fat milk in phosphate buffered saline with 0.05% Tween 20 (PBS-T) at room temperature for 1 h and probed with the following primary antibodies diluted in PBS-T with 2% BSA: anti-Bcl-2 mouse monoclonal antibody ( . Bcl-2, Bax, ARC, SOD-1, AIF, and p53 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) while HSP70, HSP27, and HSP60 antibodies were purchased from StressGen (Victoria, BC, Canada). All primary antibody incubations were performed overnight at 4
• C. Secondary antibodies were conjugated to horseradish peroxidase (Chemicon International, Temecula, CA), and signals were developed by West Pico chemiluminescent substrate (Pierce, Rockford, IL). The signals were then visualized by exposing the membranes to X-ray films (BioMax MS-1, Eastman Kodak, Rochester, NY), and digital records of the films were captured with a Kodak 290 camera. Resulting bands were quantified as optical density (OD) × band area by a one-dimensional image analysis system (Eastman Kodak, Rochester, NY) and recorded in arbitrary units. The molecular sizes of the immunodetected proteins were verified by using pre-stained standard (LC5925, Invitrogen Life Technologies, Bethesda, MD).
Estimation of mitochondrial cytochrome c, Smac/DIABLO, and AIF release
Cytochrome c, AIF, and Smac/DIABLO (second mitochondria-derived activator of caspase) are apoptotic factors normally confined to mitochondria and their release into the cytosolic compartment has been demonstrated during the activation of apoptosis. 42 In the present study, the release of Smac/DIABLO and AIF into the cytosolic compartment was estimated by measuring their protein contents in the mitochondria-free cytosolic protein fraction by immunoblotting with an anti-Smac/DIABLO mouse monoclonal antibody (1:500 dilution, 612244, BD Biosciences, San Jose, CA) and an anti-AIF monoclonal mouse antibody. Moreover, a cytochrome c ELISA kit (MBL International, Woburn, MA) was used to assess the protein content of cytochrome c in the mitochondria-free cytosolic fraction to evaluate the release of the mitochondrial cytochrome c into the cytosol. 60 µl the mitochondria-free cytosolic protein fraction was used as an antigen source in a sandwich ELISA with a horseradish peroxidase-conjugated anti-cytochrome c polyclonal antibody in microwell strips coated with an anti-cytochrome c antibody. After washing, the peroxidase retained in the immunocomplex was detected by incubating with a chromogenic substrate, tetramethylbenzidine/hydrogen peroxide (TMB/H 2 O 2 ) followed by adding an acid solution to terminate the enzyme reaction and to stabilize the developed colour. The change in colour was monitored at a wavelength of 450 nm using a Dynex MRX plate reader. Measurements were performed in duplicate with denervated and contralateral control samples analysed on the same microplate and the cytochrome c content was expressed as OD 450 per mg protein.
MDA/4-HAE assay
Polyunsaturated fatty acid peroxides generate malondialdehyde (MDA) and 4-hydroxyalkenals (4-HAE) upon decomposition. 43 In the present study, the content of MDA/4-HAE was measured in the cytosolic muscle protein fraction as an indicator of lipid peroxidation using a commercial colorimetric assay kit (21012, Oxis International, Portland, OR). Briefly, 50 µl of the cytosolic protein fraction or standards with known concentrations was incubated with a chromogenic reagent, N-methyl-2-phenylindole, at 45
• C for 1 h and the generated chromospheres after incubation were detected by spectrophotometry at 586 nm. The MDA/4-HAE concentration of the samples was determined according to the standard curve generated in the same setting. The results were presented as OD 586 normalized to milligram protein used in the assay. Control and experimental samples were run in the same setting to eliminate any assay-to-assay variations.
H 2 O 2 fluorometric assay
The content of hydrogen peroxide (H 2 O 2 ) in the muscle homogenate was measured in the cytosolic protein fraction using a fluorometric H 2 O 2 detection kit (FLOH 100-3, Cell Technology Inc., Mountain View, CA). 50 µl of the total cytosolic protein fraction of the gastrocnemius muscle was incubated in 50 µl of reaction cocktail containing horseradish peroxidase and 10-acetyl-3,7-dihydroxyphenoxazine (ADHP, a non-fluorescent substrate turns fluorescent after oxidized by H 2 O 2 ) in sodium phosphate buffer. The fluorescence was measured on a spectrofluorometer with an excitation wavelength of 530/25 nm and an emission wavelength of 590/35 nm (CytoFluor, Applied Biosystems, Foster City, CA) after the incubation. H 2 O 2 content was estimated as the arbitrary fluorescence units normalized to milligram protein used in the assay. Measurements were performed with the denervated and control samples run on the same microplate in the same setting.
Nitrotyrosine dot blot
An immuno-dot blot was carried out to estimate the total nitrotyrosine content in the cytosolic fraction of the gastrocnemius muscles from experimental and control animals. In brief, 4 µg of cytosolic protein was dotted on a nitrocellulose membrane (VWR, West Chester, PA). After air drying, the membrane was blocked in 5% non-fat milk in PBS-T at room temperature for 1 h and then probed with an antinitrotyrosine mouse monoclonal antibody (1:1000 dilution, MAB5404, Chemicon International, Temecula, CA) diluted in PBS-T with 2% BSA incubated at 4
• C for overnight. The membrane was incubated with a HRP-conjugated antimouse IgG secondary antibody (AP124P, Chemicon International, Temecula, CA) at room temperature for 1 h, and then signals were developed by chemiluminescence (Pierce Biotechnology, Rockford, IL). Negative control experiments were performed by omitting either the anti-nitrotyrosine or the secondary antibody. The signals were then visualized by exposing the membranes to X-ray films (BioMax MS-1, Eastman Kodak, Rochester, NY), and digital records of the films were captured with a Kodak 290 camera. Resulting dot signals were quantified in arbitrary units as optical density (OD) × dot area using Kodak one-dimensional (1-D) image analysis system (Eastman Kodak, Rochester, NY).
Statistical analyses
Statistical analyses were performed using the SPSS 10.0 software package. ANOVA followed by Tukey HSD post hoc analysis was used to examine differences between groups. Independent t-test was performed to examine the differences of the variable percent change between wild-type and Bax −/− animals. All data are given as means ± standard error (SE). Statistical significance was accepted at P < 0.05.
Results
Muscle weight change
The denervation-induced muscle loss was monitored by examining the gastrocnemius muscle wet weight normalized Figure 1 . Muscle weight. The extent of muscle loss following denervation was estimated by examining the gastrocnemius muscle wet weight loss normalized to the animal's bodyweight between the denervated and the contralateral control sides. The data are expressed as means ± standard error of mean (SE). * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain. (Figure 1 ). The percent decline in muscle weight of denervated vs. control muscles was lower in the Bax −/− mice ( − 33%) than the wild-type mice ( − 42%).
Apoptotic DNA fragmentation
The cell death ELISA analysis indicated that the extent of apoptotic DNA fragmentation in the denervated muscle was 161% greater than the control muscle in the wild-type mice whereas, in the Bax −/− mice, the increase in the apoptotic DNA fragmentation in the denervated muscle relative to the control muscle of was not statistically significant (74%, P > 0.05) (Figure 2 ). The increase in apoptotic DNA fragmentation was significantly lower in muscles of Bax −/− (74%) as compared to wild-type mice (161%).
BCL-2 family: Bax and Bcl-2 protein contents
According to our immunoblot analysis, we did not detect the presence of Bax protein in all samples from the Bax −/− animals ( Figure 3A ). For the wild-type mice, the Bax protein content in the denervated muscle was 415% higher than the contralateral control muscle. The protein content of Bcl-2 in the muscle following denervation was elevated by 353 and 307% relative to the contralateral control muscle in the wild-type and Bax −/− mice, respectively ( Figure 3B ) while 
Mitochondrial cytochrome c release
The protein content of cytochrome c in the cytosolic fraction of denervated muscle increased by 98 and 46% when compared to the control muscle in the wild-type and Bax mice relative to control muscles, this was significantly lower than the 98% increase in cytosolic cytochrome c muscles from wild-type animals as compared to control muscles.
Caspase-3 and -9 protease activities
The activation of caspase-3 and -9 was determined by measuring the specific protease activity in the muscle samples using a fluorometric caspase enzymatic activity assay. There was a 150% increase in the protease activity of caspase-3 in the samples from denervated muscles when compared to the control muscles in the wild-type mice but there was no statistical difference (P > 0.05) in the caspase-3 activity of the denervated Bax −/− muscles relative to the intra-animal control muscles ( Figure 5A ). The percent increase in caspase-3 activity following denervation was significantly greater in the muscles from wild-type (150%) as compared to muscles from Bax −/− mice (55%). The protease activity of caspase-9 was 81% higher in denervated muscles when compared to the contralateral 
c in the mitochondria-free cytosolic fraction using an ELISA. The OD 450 is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are expressed as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition. Wild-type Bax -/-* ** * control muscles in the wild-type animals ( Figure 5B ). In contrast, no difference in the caspase-9 activity was found between the denervated and control muscles of the Bax −/− mice ( Figure 5B ). Denervated muscles of the wild-type mice had a significantly greater increase in caspase-9 activity compared to muscles from wild-type animals.
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Mitochondrial Smac/DIABLO release, XIAP and ARC protein contents
As indicated by our immunoblot analysis on the mitochondria-free cytosolic fraction, the protein content of Smac/DIABLO, an upstream inhibitor of XIAP, increased by 213% and 252% in the cytosolic fraction (in the absence of mitochondria) of the denervated muscles relative to the control muscles in the wild-type and Bax −/− mice, respectively ( Figure 6A ). These denoted that mitochondrial Smac/DIABLO was released/accumulated into the cytosol during denervation in both wild-type and Bax −/− mice. No significant difference was found in the percent change of mitochondrial Smac/DIABLO release in the wild-type and Bax −/− mice. The protein content of XIAP, an inhibitor of caspases, as detected by immunoblotting on the total cytosolic fraction was 41 and 39% lower in the muscle following denervation when compared to the contralateral control muscle in the wild-type and Bax −/− mice, respectively ( Figure 6B ). But, no difference was found in the denervationinduced decrease in the XIAP protein content between the wild-type and Bax −/− mice. ARC, an apoptotic suppressor, Figure 5 . (A) Caspase-3 protease activity. The caspase-3 activity was assessed by a fluorometric caspase activity assay. The fluorescence unit (FU) is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are expressed as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition. (B) Caspase-9 protease activity. The caspase-9 activity was assessed by a fluorometric caspase activity assay. The fluorescence unit (FU) is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are expressed as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition. protein content was not altered with denervation in the wildtype animals (P > 0.05) whereas the protein content of ARC increased by 37% in the denervated muscle relative to the contralateral control muscle in the Bax −/− mice ( Figure 6C ). 
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Mitochondrial AIF release and nuclear translocation
The mitochondrial release and nuclear translocation of AIF were estimated by immunoblotting the mitochondria-free cytosolic and nuclear muscle protein fractions, respectively. The AIF protein content measured in the mitochondriafree cytosolic fraction of the denervated muscle was 80% and 74% higher than the intra-animal control muscle in the wild-type and Bax −/− mice, respectively ( Figure 7A ). These results indicate that AIF was released/accumulated from the mitochondria into the cytosolic fraction during denervation in both the wild-type and Bax −/− animals. The percent change of mitochondrial AIF release/accumulation was similar between the wild-type and Bax −/− mice. In contrast, we did not find any difference in the nuclear AIF protein content between the denervated and control muscles from either the wild-type or Bax −/− mice ( Figure 7B ).
Tumour suppressor p53 protein content
The p53 protein content as estimated from immunoblots analyses increased by 175 and 167% in the nuclear fraction of denervated muscles compared to the contralateral control muscles in wild-type and Bax −/− mice, respectively ( Figure 8A ). Denervation produced a similar change in nuclear p53 protein content in muscles from wild-type and Bax −/− mice. There was a 353 and 362% increase in the p53 protein content in the cytosolic protein fraction of denervated muscles when compared to the control muscles in wild-type and Bax −/− mice, respectively ( Figure 8B ). In addition, the change in the cytosolic p53 protein content was similar in denervated vs. control muscles from wild-type and Bax −/− mice. There was a large inter-animal variability in the response of HSP70 protein content to denervation. As a result, we did not find any statistical significant difference in HSP70 between denervated and contralateral control muscles in wildtype or Bax −/− mice ( Figure 9A ). In contrast, the protein content of HSP27 was elevated by 82 and 106% in dener- the control muscles in both the wild-type and Bax −/− mice, the change did not reach statistical significance ( Figure 9C ).
Oxidative stress markers: H 2 O 2 , MDA/4-HAE, and nitrotyrosine contents
In the wild-type animals, the contents of H 2 O 2 , MDA/4-HAE, and nitrotyrosine were elevated by 59, 28, and 114%, respectively, in the denervated muscle relative to the contralateral control muscle but these changes were not found in the Bax −/− animals ( Figure 10) . Moreover, the relative differences in H 2 O 2 , MDA/4-HAE, and nitrotyrosine contents were significantly greater in the denervated vs. control muscles of wild-type mice when compared to the Bax 
Antioxidant enzyme: MnSOD and CuZnSOD protein contents
MnSOD protein content as estimated by immunoblot analysis was diminished by 23% and 21% in the denervated muscle when compared to the contralateral control muscle in the wild-type and Bax −/− mice, respectively ( Figure 11A ). However, no significant difference was found in the percent change of MnSOD protein content between the wild-type and Bax −/− mice. Also, we did not find any difference in the CuZnSOD protein content between the denervated and control muscles from either the wild-type or the Bax −/− mice ( Figure 11B ).
Discussion
Activation of apoptotic signalling in denervated rat muscle has been shown by the augmentation of apoptotic DNA fragmentation, increases in the Bax/Bcl-2 ratio, mitochondrial release of cytochrome c to the cytoplasm, increases in Smac/DIABLO and AIF, increases in mRNA, active protein and proteolytic activity of caspase-3 and -9, decreases in XIAP and MnSOD, and elevations of cleaved PARP protein, p53 and HSP70. 20 In addition, increased labelling for DNA breaks as indicated by transferase-mediated dUTP biotin nick-end labelling (TUNEL) and altered BCL-2 expression have been shown in skeletal muscle following denervation. 5, 21, 22, [44] [45] [46] [47] [48] [49] By using mice that are deficient of the Bax gene, an upstream essential pro-apoptotic mediator, we provide further evidence supporting that apoptotic signalling has a significant role and may be involved in mediating muscle wasting during denervation. We have demonstrated that the extent of muscle loss following denervation is attenuated in the skeletal muscle of Bax −/− mice compared to wild-type animals. The lower level of muscle
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is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are presented as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition. (B) MDA/4-HAE content. The level of lipid peroxidation was estimated by measuring the content of MDA/4-HAE. The OD 586 is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are presented as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition. (C) Nitrotyrosine content. The content of nitrotyrosine was measured in the cytosolic fraction by an immuno-dot blot. The data are expressed as OD x resulting band area, and expressed in arbitrary units. The insets show representative blots for nitrotyrosine. The data are presented as means ± SE. * P < 0.05, denervated muscle was significantly different from the contralateral control muscle under the same animal strain; * * P < 0.05, Bax −/− mice were significantly different from the wild-type mice under the same experimental condition.
loss in Bax-deficient muscles could not be due to different levels of stresses sensed by the muscles in wild-type and Bax −/− mice because the relative changes in HSP70, HSP60 and HSP27 stress proteins were similar in muscles of both types of mice.
Increases in apoptotic DNA fragmentation, caspase-3 and -9 protease activities and oxidative stress markers including H 2 O 2 , MDA/4-HAE and nitrotyrosine contents were evident in the wild-type muscles after denervation but these changes were not found in muscles from the Bax −/− mice. The magnitude of the mitochondrial cytochrome c release in the denervated muscle of the Bax −/− mice was also lower than the wild-type mice. Moreover, ARC protein content increased exclusively in the Bax −/− muscle but not the wildtype muscle following denervation. Overall, these findings suggest that interference of the pro-apoptotic signalling (i.e., lacking the Bax gene) attenuates the extent of muscle loss during denervation. Assuming that muscle denervation resulting from degeneration and retraction of motoneurons is a general process contributing to the disease progression of some neuromuscular disorders, these findings suggest that interventions that target apoptosis may be a valuable therapeutic strategy in ameliorating denervation-associated pathologic muscle wasting in certain neuromuscular disorders.
The majority of apoptotic investigations have studied mitotic cell populations. However, recent data demonstrate that apoptosis may have an important regulatory role in mediating the process of post-mitotic skeletal muscle wasting under both physiologic and pathophysiologic conditions. 3, 50 Clinical reports have well documented that apoptosis is involved in a variety of muscle Wild-type Bax -/-disorders including spinal muscular myopathies, peripheral neuropathies, amyotrophic lateral sclerosis, muscle dystrophies, metabolic/mitochondrial myopathies, inflammatory myopathies, congenital myopathies, distal myopathies, thyroid-associated ophthalmyopathies, chronic heart failure-associated myopathies, critical ill myopathies, and burn injury-associated muscle wasting. 3, 4, 7, 8, [51] [52] [53] [54] [55] [56] [57] [58] [59] A recent study clearly demonstrated that inhibition of apoptosis improves the outcome of skeletal muscle wasting pathology in the genetically knockout mice that were deficient of the laminin-α2 gene, an animal model of congenital muscular dystrophy. 60 By adopting genetic intervention by crossbreeding the laminin-α2-deficient mice with pro-apoptotic Bax-deficient mice or with mice carrying the muscle-specific anti-apoptotic Bcl-2 transgene, Girgenrath and colleagues 60 have shown that the extent of muscle pathology is ameliorated by either inactivation of the pro-apoptotic protein Bax or overexpression of the anti-apoptotic protein Bcl-2. It is worth noting that by inactivating Bax, both the postnatal growth rate and muscle fibre morphology are improved while the amount of fixed muscular contractures is reduced in the skeletal muscle taken from the laminin-α2/Bax-deficient animals, and these findings denote that pro-apoptotic Bax plays an important role in the progression of muscular pathologies. 60 The data from our study are consistent with the idea that Bax-associated pro-apoptotic signalling is an important mediator in muscle wasting pathologies particularly induced by muscle denervation. Our results indicate that in response to the removal of nerve supply, the extent of muscle loss is attenuated and is accompanied by the suppression of pro-apoptotic signalling in skeletal muscle that is deficient of the Bax gene.
Differences in apoptotic signalling in response to muscle denervation were observed in skeletal muscles taken from the mice that were deficient of the Bax gene compared to the muscles from wild-type mice in this study. In the wild-type mouse muscle, we found changes in the apoptotic components including apoptotic DNA fragmentation, Bax, cytochrome c, Smac/DIABLO, AIF, caspases, XIAP, and p53. We also found an increase in Bcl-2 in denervated muscle of both wild-type and Bax −/− mice. The increase in Bcl-2 appears to be a general adaptive response to denervation because we have previously found elevated levels of Bcl-2 in denervated rat muscle. 20 We interpret the increase in Bcl-2 as an attempt to counteract the apoptotic response and reduce the extent muscle fibre atrophy. However, the denervation-induced activation of the pro-apoptotic components was generally suppressed in muscles that lacked the pro-apoptotic Bax protein. The significant elevations of apoptotic DNA fragmentation, caspase-3 and -9 activities as found in the wild-type muscle following denervation were absent in the Bax-deficient denervated muscle. The denervation-induced mitochondrial cytochrome c release was also suppressed in the Bax-deficient muscle relative to the wild-type muscle. In addition, the increase in protein abundance of ARC, an endogenous apoptotic suppressor protein, was evident only in Bax-deficient muscle but not the wildtype muscle after denervation. The pro-apoptotic role of Bax is via its ability to facilitate the formation of "channels" in the outer mitochondrial membrane. [61] [62] [63] This results in the release of apoptogenic factors (e.g., cytochrome c, AIF and Smac/DIABLO) from the mitochondrial inner membrane to the cytosol. 64 We predicted that the extent of the releases of all apoptogenic proteins would be suppressed similarly in Bax-deficient denervated muscle if their releases were all directed by the same Bax-mediated mechanism. However, the present data clearly indicate that deficiency of Bax, selectively influences the mitochondrial release of cytochrome c but not AIF and Smac/DIABLO in the experimental model of muscle denervation. We interpret this to indicate that the regulatory control for the mitochondrial release of AIF and Smac/DIABLO differs from the mechanisms of cytochrome c release in skeletal muscle during denervation. We speculate that Bax may regulate a channel selective release of apoptogenic proteins from the mitochondrial inner membrane under conditions that include muscle loss via denervation.
When ARC was first identified as an apoptotic inhibitor it was considered to interact with selective caspases which is expressed in skeletal muscle and heart. 65 However, the anti-apoptotic function of ARC may also be mediated by interacting with the activation of pro-apoptotic Bax. 66 Therefore, it is not unreasonable to expect that ARC responds to muscle denervation differently in Bax-deficient and wild-type muscles. However, it is unclear if the observed increase in ARC abundance may have contributed to counteract or suppress the activation of the pro-apoptotic signalling during denervation in the Bax-deficient muscle. Nevertheless, the exact reason for the denervationinduced elevation of ARC in muscle that was deficient of the Bax gene is not known and it warrants further investigation.
Another notable finding in this study is that the oxidative stress markers including H 2 O 2 , MDA/4-HAE, and nitrotyrosine contents were all elevated following denervation in the wild-type muscle but none of these markers increased in the Bax-deficient denervated muscle. This is not totally unexpected because there is some evidence that oxidative stress is involved at least in part, in regulating muscle wasting. 23 Several studies have shown that elevated oxidative stress contributes to the process of muscle loss as induced by muscle disuse. [24] [25] [26] [27] [28] [29] [30] Furthermore, the proposition for the role of oxidative stress in muscle wasting is strengthened by the documented data showing the existences of possible mechanisms responsible for the production of reactive oxidants in inactive skeletal muscle (xanthine oxidase, reactive iron, NAD(P)H oxidase, nitric oxide/peroxynitrite, and/or mitochondrial reactive oxygen species) as well as the potential signalling pathways that could link oxidative stress to the proteolytic processes mediating muscle loss (e.g., signalling of caspase-3, calpain-mediated and proteasome-mediated proteolyses). 23 The involvement of oxidative stress has also been implicated together with the down regulation of NOS/NO in response to denervation. 31 It is noted that the present findings in muscle from wild-type mice are in agreement with the proposition that oxidative stress may have a role in mediating the muscle loss. Moreover, the absence of the increases in the markers of oxidative stress in the Bax-deficient denervated muscle raises the possibility that Bax is either directly or indirectly related to the reduction-oxidation or redox events during muscle denervation. There are at least two possible explanations to explain the observation that resistance to oxidative stress was increased in Bax deficient mice. First, given that oxidative stress is known to be an activator of apoptosis, it is commonly thought that increased oxidative stress acts upstream of apoptotic cascades. However, it appears that modulation of the essential apoptotic mediator (e.g., deficiency of Bax) can influence the events of oxidative stress. It is unlikely that the effect of oxidative stress is simply downstream of apoptosis, or in particular, pro-apoptotic Bax, because of the complex connection and interaction between redox regulation and apoptosis. Although the exact mechanism that coordinates oxidative stress and apoptosis is still under investigation, our data suggest that these two cellular events might cooperate in an interactive manner at least in skeletal muscle. It is possible that there is both feedback and/or feed-forward coordination between oxidative stress and apoptosis, however, such information will remain lacking until the underlying mechanisms are fully resolved. A second possibility is that muscle from Bax deficit mice had an improved balance between Bcl-2 and/or other anti-apoptotic proteins and the apoptotic Bax protein and this may have provided a more favourable environment for offsetting oxidant stress. It is well known that Bcl-2, is both an intimate working partner of Bax 67 and that it has an antioxidant-promoting ability which provides resistance to oxidative stress-induced apoptosis. 68 We speculate that the absence of Bax provided an environment where Bcl-2 could function to reduce oxidative stress during denervation of Bax-deficient muscle. Even though the anti-apoptotic Bcl-2 protein was elevated to a similar extent in response to denervation in Bax-null and wild-type muscles, the absence of Bax in the mutant mice would provide an optimal environment for Bcl-2 to contribute to oxidant stress reduction. In contrast, part of ability for Bcl-2 to respond to oxidant stress would be "buffered" by the presence of Bax in wild-type mice. Nevertheless, additional research is required to more fully examine the relationship between Bax and oxidative stress in denervated muscle.
We did not detect differences in the normalized muscle wet weight of the non-denervated gastrocnemius muscles of Bax-deficient and wild-type mice. This observation suggests that deficiency of the pro-apoptotic Bax has no influence on the normal growth/maturation of the skeletal muscle mass during the early lifespan from the birth to young adulthood (e.g., ∼ 3-mo old mice). It appears that the proposed role of Bax in mediating the pro-apoptotic signalling that results in the decline of muscle mass, is restricted to conditions invoking an atrophic stimuli (e.g., denervation-induced muscle loss). It is worth noting that our study was conducted in young adult mice so it is not known if the deficiency of Bax would contribute to age-associated muscle loss (i.e., sarcopenia). The role of Bax in ageing-associated muscle wasting requires further investigation.
In conclusion, the present data provide evidence demonstrating that interference of pro-apoptotic signalling by the knockout of the pro-apoptotic Bax gene attenuates the extent of muscle wasting in response to skeletal muscle denervation. These results indicate that apoptotic regulation may be involved in mediating the process of muscle loss during muscle denervation and suggest that strategies targeting apoptosis may be of clinical importance in offsetting muscle wasting pathologies which are related to muscle denervation. Further investigation is required to evaluate other potential apoptotic interventions (e.g., overexpression of the anti-apoptotic factors including Bcl-2, IAP, and ARC) in inhibiting the denervation-associated muscle wasting, and therefore ameliorating muscle wasting in certain neuromuscular diseases.
